The presence of crystal deposits in tissues is associated with various pathologies. Sometimes their identification is useful for understanding the etiology or the mechanism of the disorder. The authors applied Fourier transform infrared microscopy (FT1RM) to the molecular characterization of crystal deposits in tissue and compared the results with those provided by histologic studies using polarized light microscope and histochemical reactions. Twenty-five biopsies were investigated. In 10 cases, the results were in good agreement. In 15 cases only FTIRM could precisely identify the crystals. In three cases, this technique al-
The presence of crystal deposits in tissues is associated with various pathologic conditions. Sometimes their identification is useful for understanding the etiology or the mechanism of the disorder. Currently, the only tools commonly used for histologic studies such as the polarized light microscope and histochemical reactions are not sufficiently reliable and accurate to identify these crystals and especially to determine their molecular composition. Fourier transform infrared (FTIR) spectroscopy has so far been accepted as an accurate method for the investigation of urinary calculi and crystals.
1 ' 2 In this study, we tested its ability to analyze crystal deposits in biopsies. Infrared microscopes have been available as accessories for FTIR spectrophotometers for some years. [3] [4] These devices enable the recording of high-quality spectra of microsamples (down to the limit size of 8 /urn) and provide chemical information on the crystals.
MATERIALS AND METHODS
Twenty-five biopsies, mainly from kidneys (Table 1) were investigated using an infrared microscope 590 lowed to characterize dihydroxyadenine crystals revealing an adenine phosphoribosyltransferase deficiency previously undiagnosed in patients presenting severe chronic renal failure. In three cases, crystal deposition was related to drug therapy. In other cases, crystal identification was useful to understand the mechanism of the pathology responsible for tissue damage and crystal deposition. (Key words: Infrared microscopy (FTIRM); Crystal deposits; Human tissues; Dihydroxyadenine; APRT deficiency; Drugs) Am J Clin Pathol 1996;105:576-582.
Bruker equipped with all reflecting Cassegrain objectives and with a liquid nitrogen cold mercury-cadmium-telluride detector. The microscope was coupled to a Bruker IFS25 Fourier transform infrared (FTIR) spectrometer (Bruker Spectrospin, Karlsruhe, Germany). In this microscope, the infrared beam is guided to the sample through a set of polished metallic mirrors.
Most of the biopsies came from patients presenting renal failure and renal crystal deposits, the cause of which often remained unexplained. Before being cut into 3-10 /urn histologic slices, the samples were embedded in paraffin or frozen. Then two different techniques were used for investigation with the FTIR microscope (FTIRM):
1. The biopsies were directly spread out on a CaF2 window (Interchim, Montlucon, France). One or more spectra can be recorded in the infrared mode without any transfer. 2. In most cases, pathologists do not have CaF2 windows available. This equipment is expensive and not very useful for their work. Thus, when histologic samples were sent to us on glass slides (which cannot be used because of their property to strongly absorb infrared light), the crystals had to be cut from the slice. The sample was observed through a polarizing microscope with magnification X400 to specify the localization of the crystals, which were picked up by means of a needle with magnification X200, and transferred manually onto a NaCl window for infrared analysis. The needle can be fixed to a stand adapted to the microscope for easier grasping.
577

Infrared Microscopy Identification of Crystal Deposits in Tissues
Sample handling before infrared measurement is performed in the same way as with a conventional optical microscope. The sample area to be investigated is located in the center of the image field where it is delimited using a diaphragm-like system with various apertures. When the binocular optics are turned to one side, the microscope switches to the infrared measurement mode. The infrared beam from the spectrometer optics is sent onto the sample. After crossing the sample, the infrared beam is directed onto the detector. The measurement itself is then carried out as an infrared spectrometer measurement;
The samples were scanned between 2.5 and 16.7 fim (4,000-600 cm -1 ) for crystals transferred onto NaCl windows, between 2.5 and 11.5 fim (4,000-870 cm"') for slices spread out on CaF2 windows.
All spectra were recorded at room temperature. For each spectrum two hundred scans were averaged.
Patients
We have selected from Table 1 some cases of peculiar interest for their clinical history.
Patient 2.
A 75-year-old woman presenting severe renal failure of unknown origin was treated for 1 year with an association of methyldopa, triamterene, and cyclothiazide. Captopril was added to the treatment. Six weeks later, the patient was admitted to hospital for acute renal failure. A kidney biopsy showed tubulointerstitial nephritis and many crystals in the tubular lumen considered to be calcium oxalate. Clinical and biologic investigations to explain the origin of the crystals remained unsuccessful. The biopsy was referred to us for FTIRIvl identification of the crystals.
Patient 3. A biopsy made in a 72-year-old woman with advanced renal failure revealed unexplained tubulointerstitial nephritis with unidentified crystals.
Patient 13. A 2-year-old girl who produced several bilateral kidney stones developed progressive renal failure. Permanent crystalluria composed of calcium oxalate in the form of both whewellite and weddellite and high urinary oxalate content, led to suspect primary hyperoxaluria. Other laboratory investigations found hypercalcemia suggestive of hyperparathyroidism. Histologic examination of kidney biopsy showed no crystals, but signs of pyelonephritis. However, echography revealed some diffuse hyperechogenicity suggestive of nephrocal- cinosis. Then kidney biopsy was investigated using FTIRM.
Patient 16. A 37-year-old man was taken onto hemodialysis for end-stage renal failure of unknown etiology. A renal biopsy showed many crystals in the tubules and parenchyma considered to be calcium oxalate. A kidney transplantation was successfully performed. Six years later, progressive renal insufficiency was observed. A biopsy of the graft kidney showed the same crystals as before. At that time, primary hyperoxaluria was sought by measurement of alanine glyoxylate aminotransferase activity on a liver biopsy. The enzyme activity was normal. Two years later, the patient was again at end-stage renal failure and returned to hemodialysis. The biopsies both of his own and of graft kidneys were referred to us for FTIRM analysis.
Patient 19. A 73-year-old woman suffering from different pathologies requiring multiple treatment during several years developed severe chronic renal failure. A renal biopsy showed intratubular and intracellular non-calcium crystals. Consequently, drug-induced renal failure was suspected. Fourier transform infrared spectroscopy was required to identify the drug.
RESULTS
All recorded spectra were identified by comparison with reference infrared spectra of pure compounds. Despite the use of a small aperture to minimize the background, the isolated crystal-containing areas often also contained variable quantities of tissue material (proteins) and fixing selected resin (paraffin). Spectra of plain tissue areas or pure resin were measured under identical conditions and if necessary were subtracted individually from the spectrum of the crystal containing area. Figure  1 shows the initial spectrum and the resultant spectrum with the absorptions of paraffin removed. These spectra were obtained for case 6. Fourier transform infrared spectroscopy results demonstrated the presence of crystals of calcium oxalate and characterized them as whewellite (calcium oxalate monohydrate), suggesting that secondary oxalosis instead of secondary hyperparathyroidism was responsible for skin calcifications that secondarily appeared in this patient treated for several months by chronic hemodialysis.
Seven crystalline compounds were identified in tissue slices. The results are summarized according to tissue in Infrared Microscopy Identification of Crystal Deposits in Tissues Table 1 and compared with those obtained by histologic methods. In 10 cases, they are in good agreement. In 15 cases, FTIRM was the only method able to identify the crystals. For the five cases reported below, infrared results completely changed the diagnosis.
Patient 2. Crystals in renal tissue (Fig. 2) were first identified as calcium oxalate by means of light microscopy examination and histochemistry. The crystal was identified as 4'-hydroxytriamterene sulfate by FTIRM analysis (Fig. 3) , suggesting captopril induced renal failure leading to modification of kidney flow and secondary 4'-hydroxytriamterene sulfate precipitation. Unfortunately, renal function was not recovered and the patient remained on chronic hemodialysis.
Patient 13. No crystal was found for this patient at histologic examination. In fact, infrared microscopy detected crystals of weddellite suggestive of calcium metabolism disturbance instead of oxalate metabolism disturbance, the initial assumption. Subsequent clinical and laboratory investigations concluded to Barter's syndrome with hypercalcemia.
Patients 3, 16, and 19. In four biopsies from three adult patients presenting severe renal failure, 2,8-dihydroxyadenine crystals were identified and allowed to conclude to homozygous adenine phosphoribosyltransferase (APRT) deficiency (Figs. 4, 5, and 6 ). This genetic disease can destroy the kidneys when it is not diagnosed early. 7 For one patient (2 biopsies), crystals found in renal parenchyma and tubules had been first indicated as calcium oxalate. 7 For one patient, drug-induced renal failure was suspected and the FTIRM conclusion was completely different from the initial hypothesis. Among these patients, two
were not yet at end-stage renal failure and allopurinol therapy could be started. Significant recovery of renal function was confirmed by a decrease of serum creatinine level from 550 to about 220 jtmol/L.
DISCUSSION
Contrary to polarizing microscope examination and histochemical reactions commonly used for histologic studies, FTIRM succeeded in identifying crystals for all the examined cases. The only crystals that cannot be seen with FTIRM are halogenide salts such as sodium chloride that do not absorb infrared radiations. In all other cases, this method reliably provides a spectrum. In most cases, the identification of the crystals may be performed using published atlases of infrared spectra. 6 ' 8,9 Difficulties sometimes depend on finding reference infrared spectra of pure compounds, mainly if crystals are composed of drug metabolites.
Infrared analysis provides more information than the other methods used for crystal identification. 10 " In a previous paper, 2 we showed the interest of FTIRM to identify isolated crystals or aggregates from urine compared to standard infrared techniques that provided a complex spectrum in case of a mixture of various crystalline species. In such a situation, the vibrations of crystals present in small proportions can be masked by the infrared vibrations of the more abundant crystalline species. The problem is not the same in tissue crystal deposits. In fact, in most cases the pathology that causes alteration of tissue is responsible for the deposition of only one crystalline compound. An exception in our series was case 24, where a complex pathogenic situation including infection, stasis, and stones was responsible for the tissue deposition of both whewellite and brushite (dicalcium phosphate dihydrate). Nevertheless, during the alteration process of the tissue, secondary minor deposition of calcium oxalate may occur as a consequence of the impaired renal function. This could explain why calcium oxalate crystals were detected by histologic examination in case 16. Using FTIRM, we also identified some calcium oxalate crystals in addition to extensive dihydroxyadenine deposits. These findings emphasize the importance of accurately identifying all the crystal containing areas observed on tissue slices.
In addition to molecule identification, FTIRM was able to determine the crystalline form. Where calcium oxalate was discovered, the infrared method indicated if the crystalline phase was monohydrate (whewellite) or dihydrate (weddellite). 12 ' 13 When histochemical reactions have poor specificity and light microscopy may be not sufficiently accurate, FTIRM is a convenient method to identify crystals.
Often morphology of the crystals is not characteristic enough and the polarizing microscope technique may give uncertain results or may even be impossible to perform. For instance, concerning case 14, no crystal was observed but a spectrum corresponding to weddellite was found with FTIRM. In fact, crystals poorly or not at all refringent cannot be detected at histologic examination. With histochemical reactions calcium can be seen using von Kossa colorations, but the anion that is necessarily coupled with calcium cannot be identified. Indeed, in crystal deposits the identity of the anion is often more important with regard to the pathologic process. Even if anions such as phosphate can be determined colorimetrically, the crystalline form cannot be established. In contrast, the infrared spectrum of carbapatite (crystalline carbonated calcium phosphate) found in case 22 (Fig. 7 ) presents characteristic absorption bands in different positions (869-1,047 cm -1 ) compared to those observed at 990-1,063-1,123 cm -1 in brushite, another phosphate spectrum (Fig. 8) found in case 24.
However, the performance of FTIRM can sometimes be limited, either because of the size and/or the very small quantity of crystals in tissue slices or difficulties in picking up the crystals. In most cases, using method 1, 3 to 10 slices on glass slides are needed to collect sufficient crystalline material for FTIRM identification. In contrast, only one to three slices are required when biopsies are directly spread out on CaF2 windows (method 2) and in case of numerous crystal deposits, in slices on glass slides (method 1).
Despite these few limitations, FTIRM is suitable for microcrystal identification. If correct identification of molecular and crystalline phases is the first step to ex- Fourier transform infrared spectroscopy results changed the clinical evolution of two patients. For the other patients previously described, even if these results did not modify clinical evolution, they helped to better understand the mechanism of renal failure. 14 
Conclusion
Infrared microscopy is now well established as a powerful analytical tool. It appears to be a useful and accurate technique for identifying even very small or unusual crystal deposits in various biopsy samples. Fourier transform infrared spectroscopy results can modulate or completely change the diagnosis and the treatment of the disease that then can modify the clinical evolution. In conclusion, all biopsies, including those performed in cases of chronic renal failure and revealing crystals in renal tubules or parenchyma, should be investigated using accurate physical methods such as FTIRM.
